


RAPID SCAN ALTERNATE DROP PULSE POLARO (~RAPHIC METHODS

At a dropping mercury electrode ( dme ) there is added to any faradaic

current a contribution from the double layer charging current , owing to

the electrode area growing continuously during the experiment. Charging cur-

rent must then flow at all times to ma intain the proper charge density at the

elec trode surface . It i s t hi s char gi ng curren t tha t limi ts the usefu l anal yti-

cal concentration that the regular pulse techniques can detect. This problem

has been extensively discussed by Christi e et al (1 ,2,3,4).

The techniques that were developed to eliminate this background are

based on the fact. that faradaic current flowing at the dme depends on the

potential and time of m easurement and the past history of the waveform while

the capaci ty  current depends only on the potential and time of measuremen t.

It is independent of the previous history o f the wav e form . One only then

needs to make two measurements at the same time and potential with different

wavefo r histories and subtract them to completely discriminate against

c ~1m ri 1 no current at the dme .

The alternate drop technique requires two measurements on successive

doms (2,3). This means that the analysis time is double over standard

p u c e  )nl aroor a ph ic  experimental methods.

Square wave voltame try at the dme (5,6) and other rapid scannin g modes

(7) ,con the entire potential range of interest in a single drop of a dme

o ’te rin o fast analysis time with little or no loss in sensitivity . They

al so cin t~iiin as nart of their background the charging current due to the

( rowing drnp. Thi s paper will explore some rapid scanning polaroyraphi c

te c nniomo ~ in the alternate drop mode that are designed to eliminate this

type of c arg ing current.



2

T heore ti cal

The origin of the charging current background has been thoroughly

discussed (1 ,4). I t stems from the requirement that a constant potential

at a dme current must fl ow to maintain the appropriate surface charge den-

sity as the area of the drop changes. The charging current at any given

t i e  and potential can be given by (1)

I
~

(E ,t) = -2/3 k ~2/3 Q(E) / t ~~
3 (1)

2 2/3where k is a constant (equal to .8515 cm /g ) and Q(E) is the charge den-

s i ty at the potential E. The m i n u s  sign arises from the convention of

cathodic current being posit ive.

The faradaic current for the rapid scan modes wi l l , of course , depend

on the choice of wavefo rm ; in genera l , the faradaic current can be given by

n FACD~I f (E~t) = m:: ~(E ,t ) (2 )

where would he t he  tota l  cycle  time of the waveform , typically the time

for the base staircase , and ~.(E ,t) would give the shape of the current

~ctentia l characteristic (5,6). The explicit formation of these ‘~~ functions

could be obtained fro the appli cation of the superposition theorem (8) or

He n T  oral wave form equation presented by Rifkin and Evans (9) or by use of

fr i square wave e ruat ions presented by Christie et al (5).

I’ we take, for example , the square wave waveform and focus our atten—

~on or a sing le cycle in the train we have for the difference current a

~h.irqinci current contribjtion given by

II = -2/3 k nm 213 [Q (E 1 )/t1
L’3 

- Q(E 2)/t2
1”3] (3)

.~fere t1 an d t2 are the time in the life of the drop where the measurements

are made [t2 
= t1 + i(p2-p 1 ) for square wave] and E1 and E2 are the measure-

r’r’nt potentials (for square wave E2 
= E 1 — 2E5~). p 1

T and are , 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
mnnnm li lt I — — t. rIttv~~l.t



- . - --

~~~~~

.-

respectively, the time of measurement for the individual forward and reverse

currents .

For the faradaic current alone we have as before

nFACD½
= lit T 

Aip (E,t) (4)

The total current can then be written

Al 1m1 + A I  (5)sw f c

This is essent ia l ly  the same equation that is given by Christie et al

(1, 2) indicating that, although the exper iment is done during the l i fe of

one drop , the charging current contribution is the same .

To eliminate this contribution , one only needs to insure that for the

difference measurement t1 
= t2 an d E 1 £2. The easiest way to accomplish

thi s is to do scans on success i ve drops an d make measurements at the same

time and potential. lowever , in order to have any measurable faradaic

response, one must use different waveforms for the two scans so that the

farada ic response for the two measurements will not be the same . Our equa-

tion for the total faradaic current can now be given by

nFACD 2
= 

~~
- - - — -  r.~ (E 1t) - , i 2 (E ,t]  (6)

w~’e re .

~~ 

and ‘2 h i v e different potential-time characteristics but where

current measurem ents are made at the same potential and time. The double

~iY e’ cha r’oi ng term s now have dropped out.

To o nt im ize the faradaic response , one would want 
~~~ 

to give a very

~arqe ~aradai c response , and ~~, to g ive a very small , or even better an

opposite , faradaic response so that C I f would remain as large as possible.

E~ ;e  rime n t a 1

A PDP- 12 compute r’ (Digi ta l  Equipment Cor ion) was used for on-line
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ex per i ments and anal ysi s of data . For some of thi s work , a PAR 1 74 was use d

as a potentiost at and I-E converter. For the trace analysis runs , a homema de

potentio stat and l-E converter were used (7). The dropping mercury electrode

assembly was the PAR Model 9337 polarography stand with a PAR Model l72A drop

knocker driven by the computer. The cell was a 100 ml berzelius beaker. A

saturated calomel electrode from Sargent Welch (30080-iSA ) with a porous

platinum tip was used as reference. The counter electrode was a platinum

helix separated from the solution by a pyrex tube with a pin hole in the

bottom . Trip le distilled mercury (Bethlehem Apparatus Co.) was used.

Deaeration was done with prepurified nitrogen further purified by passage

over hot copper wool .

.~aveforins and Results

Each technique requires two scans with different waveforms . The first

set of waveforms will be in the norma l pulse ve i n.

The first waveform to be discussed is the rapid scan normal pulse wave-

form . Both type 1 and type 2 measurements (4) are poss ible with the alternate

drop modes. Figure 1 details the waveforms used. For a type 1 measurement ,

the first scan is the norma l pulse rapid scan waveform (solid line), measure-

~‘~~f l t c  being made only at the pulse. The second wavefo rm on the drop is a

staircase whose potentials are coinc ident with the puls e potentials (dashed

li re) ; ‘easure’ ents are made at the same time in drop life as during the

p’-evious pulse measurement. The difference is recorded.

For a type 2 measuremen t, a third scan ” is made with tne initial wave-

for . Pore measurements are ma de just pr ior to the pulse a pp li ca ti on .

Figure 2 gives the current potentia l characteristic. The output is

a r i ; i d  s c a n  nornal pulse polarogram from which is subtracted a staircase

volta i l l oirir . The waves are more drawn out than the regular rapid scan
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norma l pulse polarogram due to the subtraction of the staircase current.

It is fa i rly obvious that to optimize this mode one wants the pulse

as short as po ssible and the delay time (time during which the drop grows

prior to puls e train application) as long as possible, consuni-nate with

com pleting the required voltage scan during the life of a drop. The

t a r ’adai c current from the staircase will then be as small as possible and

will not affect the height of the wave appreciably.

Figure 3 shows an ordinary and alternate drop rapid scan norma l pulse

pol arogram for cadmium in 0.1 M KC1 . The background slope for the alter-

nate drop mode is less but still not flat. The reason for the sloping back-

ground can be attributed to “ca p i l l a r y res ponse , a phenomena d i scusse d by

Bdrker (10,11). The capillary response is obviously different for the two

scans.

Thni t~tie et al (1 ,2) obtained similar results with their alternate drop

normal oulse technique. It is not surprising that the same phenomena occurs

wit h the rapid scan alternate drop modes.

it is interesting to note that althoug h the alternate dron background

is not flat , ji- is straight. Between - .2 and - .6 v the ordinary mode has

a good deal of structure while the rapid scan mode is almost linear. Al -

though the wave is diminished , the smaller slope and straighter back ground

should m~~ke measurement of these waves at trace levels much easier.

The second waveform to be discussed is very similar to Christie ’s

const ant potential mode (3); the scan is just completed during the life of

O!il dr t r m . Figure Li details the potential-time dependence of this wavefon~m .

r -  thi s rode pulses are always made back to the same potential (the initial

potential ) w i t h  the potential being stepped during the delay time . For the

second “waveform ” one s i t s  at the initial potential an d measures the curren t

_ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _
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TABLE 1

Comparison of ordinary and alternate drop differential pulse forward mode .

n Ed Ratio Ordinary Al ternate Dro p D i m i nut i onp Peak Peak Peak Pea k Fac tor
Height Width Height Width

nV mV mV

15 .5 .216 90.1 .100 99.1 46.3

25 .5 .377 91.9 .166 100.5 44.0

65 .5 .934 104.0 .394 112.4 42.2

85 .5 1.14 113.6 .482 122.0 42.2

15 .33 .251 90.6 .164 97.8 65.3

.33 .426 92.2 .271 99.2 63.6

65 .33 1.03 104.3 .643 11 1 .1 62.4 
4

35 .33 1.25 114 .1 .786 120.8 62.3

15 .25 .287 90.8 .211 97.0 73 .5

25 .25 .481 92.4 .347 98.4 72.1

.25 1.15 104.5 .822 110.4 71.5

85 .25 1 .40 114.2 1.00 120.0 71 .4

5 niV 

_ - ._ “_ ..,—- ~ ,___-.-- —--_-—___—_ .-. 
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TABLE 2

Co m pa r ison of ordinary and alternate drop di f ferent ial  pulse reverse o de.

Ratio Ordinary Alternate Drop Diminuti iip 
~ / Peak Peak Peak Ha k r actor
/

t Height Width Heiqht Wid t h

mV n m V

10 .5 - .199 92.5 - .067 P .7 33.7

20 .5 - .361 93.1 - .133 99.8 36.8

50 .~~~ 
- .925 103.8 — .369 110. 4 39.9

80 .5 —1.14  113.2 - .461 119. 4 40. 4

10 .33 - .198 91.9 - .107 97.5 54.0

20 .33 - .373 92.6 - .212 98.5 56.8

(0 .33 — .984 103.3 — .585 109.2 595

80 .33 —1.21  112.6 - .731 118.3 60 .4

10 .25 - .214 91.6 - .141 9 t . 6  65.9

20 .25 - .411 92. 4 - .280 97.6 68 .2

.25 -1 .10 103.1 - .771 108.3 70 .1

00 ‘5 —1.36 112.3 - .962 ll7A 70.7

n. E 5 r’V 

- -~~--- . - .  - . -_-----— - -  —- -—----.------ -_ -- --- - . _ _ _ _ _ _ __ _ _ _ _ _
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TABLE 3

Comparison of ordinary and alte rna te drop sq uI re  wave

n E Ordina ry Alternat e drop Dinm inution
Peak Pe ak Peak Peak. Ltctor

Heiciht Width Heig ht Width

mV c’iV

it ) .5 .361 ~3. l .288 105.2 79.8

20 .5 .664 97.0 .48? l1 .0 72 .6

30 .5 .925 103.8 .607 147.3 65.6

50 .5 1.30 1?4 .8 .721 213.8 55.4

10 .33 .409 93.5 .310 102.3 83.1

.33 .735 97.5 .571 113.9 70 .1

30 .33 1.02 104.4 .751 129.3 73.6

50 .33 1.24 113.8 .981 163.0 69.0

10 .25 .464 93.6 ~~~ 100.5 85.6

20 .25 .825 97.7 .676 100.2 8?.O

30 .25 1.14 104.7 .899 120.5 ‘72 .9

50 .25 1.39 114.1 1 .21 145.8 76.6

Cu 4 i i ’ ~n’- . n.E r 5 m ’V , — 0.001 , ‘‘2 0.999

- _-- - - . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - .--_. . - - .  -- -- . .  -
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FIGURE CAPTIONS

FIGURE 1: Potential-time profile and timing fo r ra pid scan al terna te

drop norma l pulse polarography.

Solid line waveform for first drop

Dashed line = waveform for second drop

FIGURE 2: Current -potential characteristics for rapid scan alternate

drop normal pulse polarography . 8.42 x lO~~ M Cd in 0.1 M HC1 .

Conditions: A E = 5 m V; ~(NP) 33.3 msec ; c (NP) = 16.7 nisec ;

T(SC) = 50 msec ; T d = 1 sec ; Ave = 10 ; m = .785 mug/sec .

Instrument PAR 174. Currents normalized to delay time .

FIGURE 3: Rapi d scan norma l pulse polaro gramns of 8.43 x 10~~ M Cd in

0.1 Cd in 0.1 M KC1 . (a) ordinary (b) alternate drop.

Conditions : tiE = 5 mV; 1 = 37.5 msec; u = 12.5 msec; i (SC) =

50 msec ; T d = 2 sec ; Ave = 30. Instrument = 48 3. Currents

nor’oilized to delay time .

EI Gu~ E 4: Potent ia l -T i me Prof i le and T i m i n g  for Rapid Scan A 1ternat~ Dro p

Constant Potential also Polarography .

Solid lirm e first scanning waveform .

fl i hed line second “wa ve fn rm ’ .

FI-1 PP 5: Current-potential characteristics for rapid scan altern ate drop

constant potential pulse polarography . A. 8.42 x lO~~ M Cd in

0.1 M HC1 . t.E = 5 mV; r 16.7 msec ; ~ = 16.7 msec; = 2 sec ;

Ave = 10; Instrument PAR 174 . (B) 8.42 x l0~~ M Cd in 0.1 M KC1 .

= 5 mV ;  T = 37.5 msec ; = 12.5 msec ; Td 2 sec ; Ave = 30;

In strument 48 3. m = .785 mg/sec . Currents have been inverted

for this fi gure and normalized to delay time .

_ _  rn .-~~~~~~~~~
- _ - . - —~ _—_ —_ 
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FIGURE 6: Potential-t ime profile and timing for r ip id scan alterna te

drop differential pulse forward mode .

Solid line = waveform for first scan

Dashed line = waveform for second scan.

FIGURE 7: Current potential characteristics for rapid scan alternate

drop differential pulse forward mode . 8.42 x lO~~ M Cd in

0.1 M HC1. A. Difference Current. B. Individual Pulse

and Sta i rcase Currents . Conditions: For difference and pulse

measu rement - Edp 
= 35 my; ~ = 37.5 nmsec; 4 12.5 msec ; F =

5 niV ; Td 1 sec ; Ave = 15. For staircase measurement - :1 =

5 niV ; T = 50 msec; Td = 1 sec ; Ave 10; m = .785 mg/sec.

Ins trument PAR 174.

FIGURE 8: Comparison of rapid scan differential pulse and rapid scan

alternate drop differential pulse forward mode for 2 x l0~~ ~

lead in 0.1 F KC1 . (a) ordinary (b) alternate drop. Conditions:

Edp = 90 mV ; t = 50 msec; ~ = 16.7 msec ; Td 1 sec ; tiE = 5 mV ;

m = .785 mg/sec. Instrument 483. Currents no rral ized to delay

time .

FTGL !E~E 0: Potential-time profile and timing for rapid scan a~ t t ’ !t t e drcuo

differential pulse reverse mode.

Solid line = waveform for first scan

Dashed line = waveform for second scan.

FIGURE 10: Theoretical individual pulse and staircase currents for diffe r-

ential pulse reverse mode . Conditions : ~‘.E 5 mV; Edu 
= 60 H,;

ratio (6/ i )  = .25.

FIGURE 11: Rapid scan alternate drop differential pulse reverse mode

pol arogram for 2 x 10~~ M lead in 0.1 M KC1 . Conditions samc

- -- -..

~ 

--- .- --.. ... ,,, ...,.- ,, - ,., , -- ,-- ,~~~~~~~~~~~~~~~~~~ -.- 
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as Figure 8. Currents have been inverted for this figure and

normalized to the delay time .

FIGURE 12: Potential—time prof ile and timing for rap id scan alternate drop

square wave polaroqraphy .

Symmet ry of forward pulse waveform (solid line) = .2

Symmetry of reverse pulse wave form (dashed l ine) =

FIGURE 13: Theoretical currents for regular and alternate drop rapid scan

squa re wave . A. Difference current (-) ordinary , (...)

alternate drop . B. Individual forward and reverse currents

for alternate drop. Conditions: ntiE = 5 mV ; n E ~ mV;

= .33.

FIGURE 14: Comparison of ordinary and alternate drop rapid scan square

wave polarography for 2 x 10~~ M lead in - .1 F KC1 . (a)

ordinary, (b) alterna te drop. Conditions: E5~ 
= 20 mV; tiE =

5 my; ~ = .33; i = SO msec ; mu = .785 mg/sec . Instrument 48J .

Currents normalized to delay time .
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